Analysis of optical magnetoelectric effect in GaFeO_3 by Igarashi, Jun-ichi & Nagao, Tatsuya
ar
X
iv
:0
90
7.
50
70
v1
  [
co
nd
-m
at.
str
-el
]  
29
 Ju
l 2
00
9
Analysis of optial magnetoeletri eet in GaFeO3
Jun-ihi Igarashi
1
and Tatsuya Nagao
2
1
Faulty of Siene, Ibaraki Univ., Mito, Ibaraki 310-8512, Japan
2
Faulty of Engineering, Gunma Univ., Kiryu, Gunma 376-8515, Japan
Abstrat
We study the optial absorption spetra in a polar ferrimagnet GaFeO3. We onsider the E1,
E2 and M1 proesses on Fe atoms. It is shown that the magnetoeletri eet on the absorption
spetra arises from the E1-M1 interferene proess through the hybridization between the 4p and 3d
states in the nonentrosymmetry environment of Fe atoms. We perform a mirosopi alulation
of the spetra on a luster model of FeO6 onsisting of an otahedron of O atoms and an Fe atom
displaed from the enter with reasonable values for Coulomb interation and hybridization. We
obtain the magnetoeletri spetra, whih depend on the diretion of magnetization, as a funtion
of photon energy in the optial region 1.0− 2.5 eV, in agreement with the experiment.
PACS numbers: 78.20.Ls, 78.20.Bh, 78.40.-q
1
I. INTRODUCTION
It is known that the breaking of time-reversal symmetry in magneti materials gives rise
to interesting magneto-optial eets suh as the double irular reetion for irularly po-
larized light and the Faraday eet for linearly polarized light.
1
When the spatial inversion
symmetry is further broken, for example, in polar or hiral materials, novel magneto-optial
eets were expeted to ome out.
2
Those eets are known as the nonreiproal diretional
dihroism or magnetohiral dihroism, and have been extensively studied.
3,4,5,6,7
Among a
variety of ompounds, Cr2O3 is one of the most investigated ompounds. The magnetoele-
tri eet, that is, a linear relation between the magneti and eletri elds in matter was
proved in 1950s.
8,9
Later, the nonreiproal rotation and elliptiity of light were measured,
10
and were suessfully analyzed by using a ligand eld model for Cr atoms.
11
Another notable ompound is GaFeO3, whih was rst synthesized by Remeika.
12
This
ompound exhibits simultaneously spontaneous eletri polarization and magnetization at
low temperatures. The large magnetoeletri eet was observed by Rado.
13
Reently, un-
twinned large single rystals have been prepared,
14
and the optial absorption measurement
has been arried out with hanging the diretion of magnetization.
15
It has been found that
the absorption intensity in the region of photon energy 1.0− 2.5 eV hanges with reversing
the diretion of the magnetization. The purpose of this paper is to analyze in detail this
phenomenon by arrying out a mirosopi alulation of the spetra and to eluidate the
mirosopi origin. Although several qualitative arguments have been done,
15,16
as far as we
know, the spetra have not been alulated yet as a funtion of photon energy.
The rystal of GaFeO3 has an orthorhombi unit ell with the spae group Pc21n.
17
The magneti moments at Fe1 and Fe2 sites align antiferromagnetially along the ±c axis.
The atual ompound, however, behaves as a ferrimagnet,
18
whih reason is inferred that
the Fe oupation at Fe1 and Fe2 sites are slightly dierent from eah other.
14
Eah Fe
atom is otahedrally surrounded by O atoms, and slightly displaed from the enter of the
otahedron; the shift is 0.26Å at Fe1 sites and −0.11Å at Fe2 sites along the b axis.14
Thereby the spontaneous eletri polarization is generated along the b axis. We neglet
slight distortion of otahedrons, sine their ontributions are expeted to be small to the
E1-M1 terms. There are two kinds of otahedrons with respet to the diretion of Fe shift,
as illustrated in Fig. 1.
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FIG. 1: Two kinds of otahedrons of oxygen atoms (white irles). Fe atoms (blak irles) are
displaed from the enter of the otahedron O to the o-enter O' along the b axis by amount δ;
δ = 0.26Å at Fe1 sites and δ = −0.11Å at Fe2 sites.
In the analysis of optial absorption, we assume that the photon propagates along the a
axis in aordane with the experimental situation.
15
Restriting the proesses only on Fe
atoms, we derive the expliit forms of E1, E2, and M1 transitions. We nd that the E2
transition matrix elements are muh smaller than those of the E1 and M1 transitions. In
addition to the E1-E1 and M1-M1 proesses, the E1-M1 interferene proess ould have
nite ontribution to the optial absorption through the mixing of the 3d44p-onguration
to the 3d5-onguration, as illustrated in Fig. 2. Suh mixings are the result of the non-
entrosymmetri environment on Fe atoms. In order to desribe suh proesses, we employ
a luster model of FeO6, whih inludes all the 3d and 4p orbitals of Fe atoms and the 2p
orbitals of O atoms. The Coulomb interation and the spin-orbit interation are taken into
aount in the 3d orbitals. Sine Fe atoms are loated in the nonentrosymmetri environ-
ment, the 4p and 3d states ould be oupled to eah other. A similar luster model has been
onsidered in the analysis of resonant x-ray sattering in magnetite,
19
where Fe atoms at A
sites are in the nonentrosymmetri environment, at the enter of tetrahedrons of O atoms.
Deriving an eetive hybridization between the 4p and 3d states as well as a ligand eld on
the 3d states through the hybridization with the O 2p states, we diagonalize the Hamiltonian
matrix in the 3d5- and 3d4-ongurations to obtain the energy eigenstates. These states are
used to alulate the absorption spetra.
In the experiment, the magneti eld was applied along the ±c axis, and the dierene
3
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FIG. 2: Illustration of the E1-M1 interferene proess. The blak irle indiates the presene of
an eletron in the 4p band.
of the absorption spetra between the two diretions was measured, whih would be termed
as magnetoeletri" spetra.
15
Sine the ompound is a ferrimanget, reversing diretion of
applied magneti eld results in reversing the diretion of the loal magneti moment on Fe
atoms. Negleting a small deviation from a perfet antiferromagnet, we simply assume that
the diretion of the loal magneti moment is simply reversed. We derive a formula for the
magnetoeletri spetra whih arise from the E1-M1 proess. Using this formula, we disuss
various symmetry relations for the E1-M1 proess and the relation to the nonreiproal
diretional dihroism and the anapole moment on these bases. Finally, we arry out a
mirosopi alulation of the spetra arising from the E1-M1 proess using the results of
the FeO6 luster model. We nd the spetra as a funtion of photon energy in agreement
with the experiment.
15
This paper is organized as follows. In Se. II, we introdue a luster model around Fe
atoms. In Se. III, we desribe the optial transition operators assoiated with Fe atoms. In
Se. IV, we derive the formulas of the optial absorption, and present the alulated spetra
in omparison with the experiment. The last setion is devoted to onluding remarks.
II. ELECTRONIC STRUCTURES AROUND Fe ATOMS
A. Crystal eletri eld
We start by examining the rystal eletri eld around the o-enter position O' = (0, 0, δ)
to see the eet of lowering symmetry from the ubi to trigonal ones. Let harge q be plaed
4
at the apexes of the otahedron. Then, the eletrostati potential φ(x, y, z) is expanded as
φ(x, y, z) = V0 + δV1 + δ
2V2 + · · · , (2.1)
with
V0 =
6q
r0
− 7q
24r50
{35z4 − 30z2r2 + 3r4 ± 20
√
2z(x3 − 3xy2)}, (2.2)
V1 = −14q
3r50
{5z3 − 3zr2 ± 5
4
√
2(x3 − 3xy2)}, (2.3)
V2 = −7q
r50
{2z2 − (x2 + y2)}, (2.4)
where the x, y and z axes are along the rystal c, a, and b axes, respetively, with the origin
O'. The distane between the enter of the otahedron and the apexes is dened as r0 and
r =
√
x2 + y2 + z2. The upper and lower signs orrespond to the otahedron on the left
and right panels in Fig. 1, respetively. Term V0 represents the so-alled ubi eld term,
whih gives rise to a splitting of energy between eg and t2g states in 3d orbitals. Term V1
gives rise to a oupling between 3d and 4p states, and V2 gives rise to additional splittings of
energy within the 3d states as well as the 4p states. These forms are inferred to be orret
in symmetry point of view, but the ovaleny between Fe and O is, however, expeted to
give rise to a similar but muh larger eet. We neglet the small point harge eet, and
onsider only the ovaleny eet disussed in the following.
B. Hamiltonian for a FeO6 luster
We now introdue the Hamiltonian of a FeO6 luster, and derive the ligand eld on the
3d states and the eetive hybridization between the 3d and 4p states. With the 2p states
in O atoms in addition to the 3d and 4p states in the Fe atom, we write the Hamiltonian as
H = H3d +H2p +H3d−2phyb +H
4p +H4p−2phyb , (2.5)
where
H3d =
∑
mσ
Edmd
†
mσdmσ +
1
2
∑
ν1ν2ν3ν4
g (ν1ν2; ν3ν4) d
†
ν1
d†ν2dν4dν3
+ ζ3d
∑
mm′σσ′
〈mσ|L · S|m′σ′〉d†mσdm′σ′ .+Hxc ·
∑
mσσ′
(S)σσ′d
†
mσdmσ′ , (2.6)
5
H2p =
∑
jησ
Epp†jησpjησ, (2.7)
H3d−2phyb =
∑
jησm
t3d−2pmη (j)d
†
mσpjησ +H.c., (2.8)
H4p =
∑
kη′σ
ǫ4p(k)p
′†
kη′σp
′
kη′σ, (2.9)
H4p−2phyb =
∑
jηση′
t4p−2pη′η (j)p
′†
η′σpjησ +H.c.. (2.10)
The H3d desribes the energy of 3d eletrons, where dmσ represents an annihilation operator
of a 3d eletron with spin σ and orbital m (= x2 − y2, 3z2 − r2, yz, zx, xy). The seond
term in Eq. (2.6) represents the intra-atomi Coulomb interation with the matrix element
g (ν1ν2; ν3ν4) expressed in terms of the Slater integrals F
0
, F 2, and F 4 (ν stands for (m, σ)).
The third term in Eq. (2.6) represents the spin-orbit interation for 3d eletrons. We evaluate
atomi values of F 2, F 4, ζ3d within the Hartree-Fok (HF) approximation,
20
and multiply
0.8 to these atomi values in order to take aount of the slight sreening eet. On the other
hand, we multiply 0.25 to the atomi value for F 0, sine F 0 is known to be onsiderably
sreened by solid-state eets. The last term in Eq. (2.6) desribes the energy arising from
the exhange interation with neighboring Fe atoms, where (S)σσ′ represents the matrix
element of the spin operator of 3d eletrons. The exhange eld Hxc here has a dimension
of energy, and is ∼ kBTc/4 with Tc ∼ 250 K. Note that this term is served as seleting the
ground state by lifting the degeneray and therefore the spetra depend little on its absolute
value. The Hxc is direted to the negative diretion of the c axis at Fe1 sites when the
external magneti eld is applied along the positive diretion of the c axis.
The H2p represents the energy of oxygen 2p eletrons, where pjησ is the annihilation
operator of the 2p state with η = x, y, z and spin σ at the oxygen site j. The Coulomb
interation is negleted in oxygen 2p states. The H3d−2phyb denotes the hybridization energy
between the 3d and 2p states. The energy of the 2p level relative to the 3d levels is determined
from the harge-transfer energy ∆ dened by ∆ = Ed−Ep +15U(3d6)− 10U(3d5) with Ed
being an average of Edm. Here U(3d
6) and U(3d5) are the multiplet-averaged d-d Coulomb
interation in the 3d6 and 3d5 ongurations, whih are dened by U = F 0 − (2/63)F 2 −
(2/63)F 4.
The H4p represents the energy of the 4p states, where p′kη′σ is the annihilation operator
of the 4p state with momentum k, η′ = x, y, z, and spin σ. The 4p states form an energy
6
TABLE I: Parameter values for a FeO6 luster in the 3d
5
onguration, in units of eV. The Slater-
Koster two-enter integrals are dened for the Fe atom at the enter of the otahedron.
F 0(3d, 3d) 6.39 (pdσ)2p,3d -1.9
F 2(3d, 3d) 9.64 (pdpi)2p,3d 0.82
F 4(3d, 3d) 6.03 (ppσ)2p,4p 3.5
ζ3d 0.059 (pppi)2p,4p -1.0
∆ 3.3
band ǫ4p(k). The density of states (DOS) of the 4p band is inferred from the K-edge
absorption spetra
21
as shown in Fig. 3. The H4p−2phyb represents the hybridization between
the 4p and oxygen 2p states, where the annihilation operator of the loal 4p orbital p′η′σ may
be expressed as p′η′σ = (1/
√
N0)
∑
k p
′
kη′σ (N0 is the disretized number of k-points).
0 10 20 30
Energy [eV]
0
0.01
0.02
0.03
0.04
0.05
4p
 D
O
S 
[1/
eV
]
FIG. 3: Density of states of the 4p band. It is onstruted from the experimental K-edge absorption
spetra
21
with utting o the low-energy tail oming from the life-time width of the ore hole. The
high-energy side is arbitrarily ut-o. The integrated value is normalized to unity.
The hybridization matries t3d−2pmη (j) and t
4p−2p
η′η (j) are dened for the Fe atom at the
o-enter position. We evaluate these values by modifying the Slater-Koster two-enter
integrals for the Fe atom at the entral position of the otahedron with the assumption that
(pdσ)2p,3d, (pdπ)2p,3d ∝ d−4, and (ppσ)4p,2p, (ppπ)4p,2p ∝ d−2 for d being the Fe-O distane.22
Table I lists the parameter values used in this paper, whih are onsistent with the values
in previous alulations for Fe3O4.
19,23
7
C. Ligand eld and eetive hybridization between 4p and 3d states
Instead of diretly treating H3d−2p and H4p−2p, we introdue the eetive Hamiltonian to
inlude the ovaleny eet. The ligand eld Hamiltonian on the 3d states is given by the
seond-order perturbation as
H˜3d−3d =
∑
mm′σ
t˜3d−3dmm′ d
†
mσdm′σ +H.c., (2.11)
with
t˜3d−3dmm′ =
∑
jη
t3d−2pmη (j)t
3d−2p
m′η (j)/∆, (2.12)
where the sum over j is taken on neighboring O sites, and ∆ = 3.3 eV is the harge transfer
energy dened above. In addition to the ligand eld orresponding to the ubi symmetry,
we have a eld proportional to δ2, whih auses extra splittings of 3d levels in onformity
with the form of Eq. (2.1).
The eetive hybridization between the 4p and 3d states is similarly given as
H˜4p−3d =
∑
η′mσ
t˜4p−3dη′m p
′†
η′σdmσ +H.c., (2.13)
with
t˜4p−3dη′m =
∑
jη
t4p−2pη′η (j)t
3d−2p
mη (j)/(E
4p −E2p), (2.14)
where E4p is the average of the 4p-band energy, whih is estimated as E4p − E2p ≈ 17 eV.
The oeient t˜4p−3dη′m is nearly proportional to the shift δ of the Fe atom from the enter of
the otahedron, again in onformity with the form of Eq. (2.1).
III. ABSORPTION PROCESS ON Fe
The interation between the eletromagneti wave and eletrons is desribed by
Hint = −1
c
∫
j(r) ·A(r)d3r, (3.1)
where j represents the urrent density operator, and the eletromagneti eld A(r) for linear
polarization is dened as
A(r) =
∑
q
√
2π~c2
V ωq
ecqe
iq·r +H.c., (3.2)
8
with cq and e being the annihilation operator of photon and the unit vetor of polarization,
respetively. We approximate this expression into a sum of the ontributions from eah Fe
atom:
Hint = −1
c
∑
q,i
j(q, i) ·A(q, i) + H.c., (3.3)
with
j(q, i) =
∑
nn′
[∫
eiq·(r−ri)jnn′(r− ri)d3(r− ri)
]
a†n(i)an′(i), (3.4)
A(q, i) =
√
2π~c2
V ωq
ecqe
iq·ri, (3.5)
where the loal urrent operator may be desribed by
jnn′(r− ri) = ie~
2m
[(∇φ∗n)φn′ − φ∗n∇φn′]−
e2
mc
Aφ∗nφn′
+
e~
mc
c∇× [φ∗nSφn′]. (3.6)
The integration in Eq. (3.4) is arried out around site i, and an(i) is the annihilation operator
of eletron with the loal orbital with the wave funtion φn(r − ri). The e and m are the
harge and the mass of eletron, and ~S is the spin operator of eletron. The seond term
in Eq. (3.6), whih desribes the sattering of photon, will be negleted in the following
disussion. The approximation made by taking aount of the proess only on Fe atoms may
be justied at the ore-level spetra, but less aurate in the optial region. The spetra
arising from the magnetoeletri eet, however, are expeted to be desribed rather well
by the present approximation, sine suh eets mainly take plae on Fe atoms.
For later onveniene, we write the interation between the matter and the photon in a
form,
Hint = −e
∑
q
√
2π
V ~ωq
∑
i
T (q, e, i)cqe
iq·ri +H.c.. (3.7)
To be spei in onnetion with the experimental set-up,
15
we onsider the situation that
the photon propagates along the a-axis with linear polarization, as illustrated in Fig. 4.
A. E1 transition
The transition operator T (q, e, i) for the E1 transition is given by putting eiq·(r−rj) =
1 in Eq. (3.4). Therefore it is independent of the propagation diretion of photon. For
9
PM loc (Fe1)
M loc (Fe2)
q
b (z) a (y)
c (x)
FIG. 4: Geometry of absorption. Light propagates along the a axis with polarization along the b
axis or the c axis. The eletri dipole moment is along the b axis. The sublattie magnetization is
direted to the negative diretion of the c axis at Fe1 sites and to the reverse at Fe2 sites, when
the external magneti eld is applied to the positive diretion of the c axis. When the external
magneti eld is reversed, the sublattie magnetization is reversed.
the polarization along the z-axis, the rst term in Eq. (3.6) is rewritten by employing the
following relation ∫
φ∗n
∂
∂z
φn′d
3r = −m
~2
(ǫn − ǫn′)
∫
φ∗nzφn′d
3r, (3.8)
where ǫn and ǫn′ are energy eigenvalues with φn and φn′, respetively. The 4p and 3d states
are assigned to φn and φn′, respetively. Hene the transition operator T
E1
is expressed as
TE1(q, e, i) = iBE1
∑
iηmσ
NE1ηm[p
′†
ησ(i)dmσ(i)− d†mσ(i)p′ησ(i)], (3.9)
where i runs over Fe sites. The NE1ηm's are given by N
E1
x,zx = 1/
√
5, NE1y,yz = 1/
√
5, NE1
z,3z2−r2 =
2/
√
15 for the polarization along the z axis, NE1x,x2−y2 = 1/
√
5, NE1x,3z2−r2 = −1/
√
15, NE1y,xy =
1/
√
5, NE1z,zx = 1/
√
5 for the polarization along the x axis, and NE1x,xy = 1/
√
5, NE1
y,x2−y2
=
−1/√5, NE1
y,3z2−r2 = 1/
√
15, NE1z,yz = 1/
√
5 for the polarization along the y axis, respetively.
The oeient BE1 is dened by
BE1 = (ǫ4p − ǫ3d)
∫ ∞
0
r3R4p(r)R3d(r)dr, (3.10)
where R3d(r), R4p(r) are radial wave-funtions of 3d, 4p states with energy ǫ3d, ǫ4p in the
Fe atom. The energy dierene ǫ4p − ǫ3d is not diretly related to the absorbed photon
energy. Within the HF approximation in the 1s
2
3d
5
4p
0.001
-onguration of an Fe atom,
20
we estimate it as BE1 ≈ 7.7× 10−8 m·eV.
10
B. E2 transition
The transition operator for the E2 transition is given from the seond term in the expan-
sion eiq·(r−ri) ≈ 1 + iq · (r− ri) + · · · in Eq. (3.4). Let the photon be propagating along the
y-axis with the polarization parallel to the z-axis. Then we ould derive a relation,∫
φ∗ny
∂
∂z
φn′d
3r = −m
~2
(ǫn − ǫn′)
∫
φ∗n
yz
2
φn′d
3r+
i
2
∫
φ∗nLxφn′d
3r, (3.11)
where ~Lx is the orbital angular momentum operator. The last term should be moved into
the terms of the M1 transition. In the rst term of Eq. (3.11), the relevant states for φn
and φn′ are both 3d states, and ǫn − ǫn′ may be an order of the ligand eld energy, whih is
less than 1 eV. Sine 〈r2〉 is estimated within the HF approximation as20∫ ∞
0
r4R23d(r)dr = 3.3× 10−17cm2, (3.12)
we notie that the ontribution from the E2 transition is smaller than that from the M1
transition disussed in the next subsetion.
C. M1 transition
From the third term in Eq. (3.6), we have a relation∫
eiq·(r−ri)∇× (φ∗nSφn′)d3r = −iq×
∫
φ∗nSφn′e
iq·(r−ri)d3r ≈ −iq ×
∫
φ∗nSφn′d
3r. (3.13)
Adding the ontribution of the last term of Eq. (3.11), we have a fator L + 2S in the
transition operator. The 3d states are assigned to φn and φn′. Hene the transition operator
for the M1 transition is given by
TM1(q, e, i) = i|q|BM1
∑
imm′σσ′
NM1mσ,m′σ′d
†
mσ(i)dm′σ′(i), (3.14)
where BM1 = ~2/2m = 3.8 × 10−16cm2 · eV. For the photon propagating along the y axis
with polarizations along the z and x axes, we have NM1mσ,m′σ′ = 〈mσ|Lx + 2Sx|m′σ′〉 and
NM1mσ,m′σ′ = 〈mσ| − (Lz + 2Sz)|m′σ′〉, respetively.
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IV. CALCULATION OF ABSORPTION SPECTRA
Restriting the proesses only on Fe atoms, we sum up ross setions at Fe sites to obtain
the absorption intensity I(ωq, e). Dividing it by the inident ux c/V , we have
I(ωq, e) ∝ 4π
2e2
~2c
1
ωq
∑
i
∑
f
|〈Ψf(i)|T (q, e, i)|Ψg(i)〉|2δ(~ωq + Eg − Ef), (4.1)
where T (q, e, i) = TE1(q, e, i) + TM1(q, e, i), and |Ψg(i)〉 and |Ψf(i)〉 represent the ground
and the nal states with energy Eg and Ef at site i, respetively. The sum over f is taken
over all the exited state at Fe sites.
We rst alulate the energy eigenstates |Φn(d5)〉 with eigenenergy En(d5) in the 3d5-
onguration, and |Φn(d4)〉 with eigenenergy En(d4) in the 3d4-onguration, by diagonal-
izing the Hamiltonian H3d + H˜
3d−3d
. As already stated in Se. II, the exhange eld H
x
in Eq. (2.6) is assumed to be direted to the negative diretion of the c(x) axis at Fe1 sites
and the reverse diretion at Fe2 sites when the external magneti eld is applied to the
positive diretion of the c axis. All the diretions ould be reversed by reversing the external
magneti eld, sine the atual ompound is a ferrimagnet. The shift δ of Fe atoms along
the b-axis is assumed δ = 0.26Å at Fe1 sites and δ = −0.11Å at Fe2 sites, respetively.
As regards the lowest energy state |Φg(d5)〉, we have the state 6A1 under the trigonal
rystal eld, if we disregard the exhange eld and the spin-orbit interation. The inlusion
of these interations ould indue the orbital moment 〈Lx〉, but its absolute value is given
less than 0.004. Two types of otahedrons give the same angular momentum.
Within the rst order perturbation with the eetive hybridization H˜4p−3d, we ould
express the ground state |Ψg(i)〉 and the optial nal states |Ψf(i)〉 as
|Ψg(i)〉 = |Φg(d5)〉
+
∑
nkησ
|Φn(d4),kησ〉 1
Eg(d5)− (En(d4) + ǫ4p(k))
× 〈Φn(d4),kησ|H˜4p−3d|Φg(d5)〉, (4.2)
|Ψf(i)〉 = |Φf(d5)〉
+
∑
nkησ
|Φn(d4),kησ〉 1
Ef(d5)− (En(d4) + ǫ4p(k))
× 〈Φn(d4),kησ|H˜4p−3d|Φf(d5)〉, (4.3)
with Eg = Eg(d
5) and Ef = Ef(d
5) being the lowest and exited energies in the d5 ongura-
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tions, respetively. Here |Φn(d4),kησ〉 represents the state of four eletrons in the 3d states
and one eletron on the 4p states speied by η(= x, y, z), spin σ, and momentum k. The
sum over k may be replaed by the integral with the 4p DOS. The expliit dependene on
site i is abbreviated in the right hand side of Eqs. (4.2) and (4.3). From these wave-funtions
we obtain the expressions of optial transition amplitudes at site i by
ME1(q, e, i; f) ≡ 〈Ψf(i)|TE1(q, e, i)|Ψg(i)〉
=
∑
nkησ
〈Φf(d5)|TE1(q, e, i)|Φn(d4),kησ〉
× 1
Eg(d5)−En(d4)− ǫ4p(k)〈Φn(d
4),kησ|H˜4p−3d|Φg(d5)〉
+
∑
nkησ
〈Φf(d5)|H˜4p−3d|Φn(d4),kησ〉
× 1
Ef (d5)− En(d4)− ǫ4p(k)〈Φn(d
4),kησ|TE1(q, e, i)|Φg(d5)〉, (4.4)
MM1(q, e, i; f) ≡ 〈Ψf(i)|TM1(q, e, i)|Ψg(i)〉
= 〈Φf (d5)|TM1(q, e, i)|Φg(d5)〉. (4.5)
With these amplitudes, we have
I(ωq, e) ∝ 1
~ωq
∑
i
∑
f
|ME1(q, e, i; f) +MM1(q, e, i; f)|2δ(~ωq + Eg(d5)−Ef (d5)). (4.6)
Now we examine the symmetry relation of the amplitudes. First, let the propagating
diretion of photon be reversed with keeping other onditions. The magneti eld assoiated
with the photon is reversed, NM1's in Eq. (3.14) hange their signs. Sine other onditions
are the same, we have the new amplitudes (ME1)′ = ME1, (MM1)′ = −MM1. Seond,
let the loal magneti moment at eah Fe atom be reversed with keeping the same shifts
from the enter of otahedron. The reversing of the loal magneti moment orresponds
to taking the omplex onjugate of wave funtions. Considering Eq. (4.4) together with
Eq. (3.9), we have (ME1)′ = −(ME1)∗. Also, onsidering Eq. (4.5) together with Eq. (3.14),
we have (MM1)′ = (MM1)∗. Third, let the shifts of Fe atoms from the enter of otahedron
be reversed with keeping the same loal magneti moment, whih means the reversal of
the diretion of the loal eletri dipole moment. This operation gives rise to reversing the
sign of H˜4p−3d but no hange in the 3d states with the 3d5- and 3d4-ongurations, beause
the ligand eld H˜3d−3d hanges aording to δ2. As a result, we have the new amplitude
(ME1)′ = −ME1 from Eq. (3.9) but no hange (MM1)′ = MM1.
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As already stated, the diretion of the loal magneti moment ould be reversed by
reversing the diretion of the applied magneti eld, sine the atual material is a ferrimagnet
with slightly deviating from a perfet antiferromagnet. We dene ∆I(ωq, e) by the dierene
between the absorption intensity with the applied magneti eld along the positive diretion
of the c axis and that with the eld along the reverse diretion. From the seond symmetry
relation mentioned above, we have
∆I(ωq, e) ∝ 2
~ωq
∑
i
∑
f
[{
ME1(q, e, i; f)
}∗
MM1(q, e, i; f)
+
{
MM1(q, e, i; f)
}∗
ME1(q, e, i; f)
]
δ(~ωq + Eg(d
5)− Ef (d5)). (4.7)
Considering the sign hange, we infer from the above symmetry relations that
∆I(ωq, e) ∝ q|q| ·
∑
i
Ploc(i)×Mloc(i), (4.8)
where Ploc(i) and Mloc(i) are the eletri and the magneti dipole moment of Fe atom at
site i, respetively (Ploc(i) ∝ δi ≡ (0, 0, δ)). This relation may be regarded as a lowest order
expansion with respet to δi and Mloc(i). The right hand side of Eq. (4.8) is the sum of the
loal toroidal moment τ (i) (≡ δi ×Mloc(i)).24
Figure 5 shows the alulated∆I(ωq, e) as a funtion of ωq, in omparison with the exper-
iment. We have replaed the δ-funtion δ(x) in Eq. (4.7) by a Lorentzian form (γ/π)/(x2+γ2)
with γ = 0.1 eV. The alulated peak height at ∼ 1.2 eV is set to be the same as the exper-
imental one for the polarization e along the b axis. We have a two-peak struture around
~ωq = 1.0− 1.5 eV in agreement with the experiment, but ould not reprodue a dip found
experimentally around ~ωq = 1.7− 2.3 eV. On the other hand, without further adjustment,
we have a onsiderable dip around ~ωq = 2.0 − 2.5 eV for e along the c axis, in agreement
with the experiments.
Fe atoms are under the ubi symmetry without displaement, and the lowest and low-
lying exited states are haraterized as
6A1,
2T2,
4T1,
4T2 with negleting the spin-orbit
interation and the exhange eld.
25
The exitation energies for
2T2,
4T1, and
4T2 are es-
timated 1.34, 1.59, 2.45 eV, respetively, within the present luster model. Note that the
diret absorption proesses
6A1 → 2T2, 6A1 → 4T1, and 6A1 → 4T2 are forbidden. The
displaement of the Fe atom generates a trigonal eld and makes the energy levels of the
exited states split. The spin-orbit interation and the exhange eld further modify these
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FIG. 5: Dierene of absorption intensities ∆I(ωq, e) as a funtion of photon energy ~ωq between
the applied magneti eld along the positive and negative diretions of the c axis. Photon propagates
along the positive a axis with polarization vetor e along the b and c axes, respetively. Experimental
data are taken from Ref. [15℄.
states. The magnetoeletri spetra around 1.0 − 1.5 eV and around 1.7 − 2.3 eV might
be interpreted as transitions to the states dispersed from
2T2 and
4T1, and those from
4T2,
respetively.
V. CONCLUDING REMARKS
We have studied the magnetoeletri eets on the optial absorption spetra in a polar
ferrimagnet GaFeO3. We have onsidered the E1, E2, and M1 proesses on Fe atoms,
and have performed a mirosopi alulation of the magnetoeletri spetra using a luster
model of FeO6. The luster onsists of an otahedron of O atoms and an Fe atom displaed
from the enter of otahedron. We have disregarded additional small distortions of the
15
otrahedron. Due to the nonentrosymmetri environment on the Fe atom, we have an
eetive hybridization between the 4p and 3d states through the O 2p states and thereby the
mixing of the 3d44p-onguration to the 3d5-onguration. This mixing makes the E1-M1
interferene proess survive and gives rise to the magnetoeletri spetra. We have evaluated
the E1-M1 proess by using the energy eigenstates given in the 3d44p-onguration and the
3d5-onguration. The Coulomb interation between 3d eletrons and the hybridization are
assumed to be nearly the same as previous luster alulations.
19,23
We have obtained the
magnetoeletri spetra as a funtion of photon energy in the optial region 1.0− 2.5 eV, in
agreement with the experiment.
In the experiment, the onventional absorption spetra, a part independent of the dire-
tion of magnetization, were measured with intensity about three orders of magnitude larger
than the magnetoeletri part.
15
On the other hand, in the present approah onsidering
only the loal proess on Fe atoms, the total" intensity, whih is given by the E1-E1 and
M1-M1 proesses, is estimated as merely one order of magnitude larger than that of the
E1-M1 proess. This suggests that other proesses suh as the transition from the valene
band to the ondution band involving Ga and O atoms may add larger ontributions. As
far as the magnetoeletri spetra are onerned, however, the present approah onsidering
only the loal proess on Fe atoms is expeted to work well, sine the E1-M1 interferene
proess ould take plae only on Fe atoms. Finally, from a dierent point of view, we would
like to omment that the approah of onsidering the multiple sattering of a 4p eletron in
the nonentrosymmetri potential and the Coulomb interation between the 4pd4 and the
d5 ongurations may improve the above situation. The ritial study is left in future.
We have onentrated on the spetra in the optial region. In the x-ray region, the
magnetoeletri eets have also been studied.
21,26,27,28,29
Sine the ore eletron is exited
there, the loal approah in this paper would be better appliable to the x-ray region than
to the optial region, where the E1-E2 (not E1-M1) interferene proess gives rise to the
magnetoeletri spetra. It may be interesting to analyze mirosopially the nonreiproal
diretional dihroism observed in the Fe pre-K-edge x-ray absorption in GaFeO3
21
by using
a similar luster model. In this ontext, we would like to omment that the magnetoeletri
eet on the resonant x-ray sattering spetra has been analyzed at the Fe pre-K-edge in
Fe3O4,
19
where Fe atoms at A sites are loated at the enter of tetrahedron in nonentrosym-
metri environment.
16
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